In this study, reduced Ac-tub content is identified in both CF cell models and tissues. 82
The impact of this finding on cholesterol processing and related signaling events is explored. 83 HDAC6 inhibition reverses these phenotypes towards wild-type characteristics, supporting a 84 central role of microtubule regulation in the control of CF cell biology. Mechanistically, 85 endoplasmic reticulum (ER) stress is identified as a source of the microtubule alterations in CF 86 epithelium. These data provide new evidence for promoting HDAC6 inhibitors as a therapeutic 87 strategy for treating cystic fibrosis. Cells were grown to 95% confluency in 35mm dishes and lysed with lysis buffer (50 mM Tris 116 pH 7.5, 1% Triton-X, 50 mM NaF, 200 μM Na 3 VO 4 , and 10 μg/ml pepstatin and leupeptin) for 117 30 minutes at 4 o C. Lysates were microcentrifuged at 10,000 rpm for 5 minutes. Proteins were 118 separated using SDS-PAGE containing 20-40 μg protein on either a 7.5% or 10% 119 polyacrylamide gel. Samples were transferred to an Immobilon-P membrane (Millipore, 120
Bedford, MA) at 15 V for 30 minutes. Blots were blocked in 10% nonfat dehydrated milk in 121 PBS (138 mM NaCl, 15 mM Na 2 HPO 4 , 1.5 mM KCl, and 2.5 mM KH 2 PO 4 ) with 0.1% Tween-122 20 (PBS-T) for 45 minutes at room temperature and then incubated with primary antibodies 123
(1:500 dilution) in 10% nonfat dehydrated milk in PBS-T overnight at 4 o C. Blots were washed 124 three times for 10 minutes each with PBS-T, incubated with the respective secondary antibodies 125 conjugated to horseradish peroxidase (1:3000 dilution) in PBS-T, washed again with PBS-T, 126 and visualized using SuperSignal chemiluminescent substrate (Pierce, Rockford, IL) and the 127 VersaDoc Imaging System (Bio-Rad, Hercules, CA). Quantification of protein expression was 128 performed using densitometry software on the VersaDoc (Quality One; Bio-Rad, Hercules, CA Pittsburgh, PA) and exposed to F508del CFTR corrector C18 (10 μM) for 72 hrs. Cells were 150 then fixed with 2% paraformaldehyde and examined for their cellular cholesterol localization by 151 fluorescent filipin staining. Cells were rinsed twice and then incubated with 0.05mg/ml filipin 152 (Sigma) in PBS for one hour in the dark on the shaker at room-temperature. another pertinent feature in CF models (17). Endoplasmic reticulum (ER) stress has been widely 260 predicted to occur in CF cells, usually attributed to misfolding of ΔF508 CFTR (17, 26). ER 261 stress is also an effective trigger for aggresome formation (6). It was hypothesized that chronic 262 ER stress in CF cells leads to reduced Ac-tub content and the subsequent sequellae. To evaluate 263 the hypothesis, ER stress was induced in CFTR-corrected S9 cells with thapsigargin (100 nM). 264
After 48-hour exposure to thapsigargin, Ac-tub content was reduced 62.4 + 2.5% relative to 265 wild-type levels with 50 nM thapsigargin ( Figures 7A and 7B ). These data strongly suggest that 266 In order to determine if these increases in Ac-tub content correlated with improved 309 cholesterol mobilization, filipin staining of free cholesterol in F508del HAECs was performed. 310
As shown in Figure 11A and 11B, C18 results in a modest increase in cholesterol mobilization, 311 while tubastatin more effectively redistributes cholesterol. Mobilization was quantified by 312 determining how much cholesterol was moved to the cytosolic region by subtracting perinuclear 313 fluorescence from total cellular fluorescence (total-perinuclear). An increase in this difference 314 would indicate increased outward movement of cholesterol. C18 treatment resulted in a 38.6 +/-315 12.3% increase in movement (total-perinuclear fluorescence) (control n=35; C18-treated n=40; p 316 = 0.005). Tubastatin treatment of F508del HAEC cells resulted in a 51.0 +/-11.2% increase in 317 movement (total-perinuclear fluorescence) (control n=56; tubastatin-treated n=46; p < 0.001) 318 ( Figure 11C ). These data demonstrate that correction of F508del CFTR folding at least partially 319 corrects the phenotypes of reduced Ac-tub content and perinuclear cholesterol accumulation, 320 results similar to direct HDAC6 inhibition. C18 and tubastatin experiments were performed 321 separately on different populations of cells, so direct comparison of effectiveness is difficult. 322
323

Linking ER stress to microtubule acetylation 324
Since C18 correction of F508del CFTR trafficking was at least partially effective in 325 resorting tubulin acetylation and cholesterol processing, ER stress is a likely contributing factor 326 in these phenotypes. Therefore, we strove to elucidate more specific signaling interactions 327 linking ER stress to the regulation of microtubule acetylation. We examined the role of PIK3CA 328 as it has been shown to associate directly with HDAC6 (24) and responds to various cellular 329 stresses (7). Inhibition of PIK3CA with PIK-75 (0.5 µM, 24 h) resulted in a re-elongation of 330 acetylated microtubules and a significant increase in Ac-tub content in IB3 cells ( Figure 12A, B) . 331
Cholesterol processing was also assessed using NBD-cholesterol. As shown in Figure 12C Mechanistically, we propose that ER stress leads to reduced Ac-tub content and related 373 CF consequences. The most common mutation in CF, ΔF508, leads to misfolded CFTR proteins, 374 which are retained in the ER. Literature supports that the accumulation of misfolded proteins is 375 typically associated with the induction of ER stress and its initiation of the unfolded protein 376 response (UPR) (5). Once activated, UPR feedbacks to the transcriptional level, which decreases 377 the endogenous level of CFTR (32). Here, we further this understanding by showing that IB3 378 cells and MNE from Cftr -/-mice exhibit both decreased Ac-tub and increased levels of GRP78 379 as indication of inherent ER stress in CF. Interestingly, GRP78 expression is increased in Cftr -/-380 nasal epithelium suggesting loss of CFTR function is sufficient to induce ER stress. ER stress 381 has also been shown to be due to altered ion transport, which may be the case seen in CFTR-/-382 mice. However, correction of F508del CFTR misfolding with C18 does improve MT acetylation 383 and cholesterol processing indicating that CFTR misfolding induces ER stress that impacts these 384 pathways. We concluded that altered Ac-tub expression patterns occur as a result of chronically 385 inducing ER stress in CF cells. The disruption of ER calcium homeostasis was sufficient to 386 simulate the CF phenotypes of reduced Ac-tub and perinuclear cholesterol accumulation. Relief 387 of ER stress through treatment with 4-PB reverses cholesterol accumulation and increases Ac-tub 388 content in IB3 cells further establishes the importance of ER stress in these pathways. One 389 caveat to the 4-PB experiments is that 4-PB is also a pan-HDAC inhibitor, which could also 390 explain the increased Ac-tub expression. No studies to our knowledge have examined the impact 391 of 4-PB on HDAC6 specifically, but the interaction needs to be considered. We were able to 392 identify that PIK3CA activity is an important regulator of HDAC6 function in CF cells, further 393 linking cellular stress to microtubule regulation. 394
Further investigation is needed to delineate the link between ER stress in CF cells and the 395 regulation of organelle trafficking, but these findings establish ER stress as a viable target as a 396 mechanism to explain these observations. CFTR trafficking has been shown to be influenced by 397 HDAC6 function, and the link between aggresome formation and HDAC6 is well established 398 (18). HDAC6 is also known to interact with and be regulated by PIK3CA. Consistent with this 399 knowledge, we have found that PIK3CA is a likely link between ER stress and microtubule 400 regulation with regard to acetylation and cholesterol transport. Glucose deprivation and 401 oxidative stress are known to activate PIK3CA (7), but the direct relationship to ER stress will 402 need to be further defined. 
